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Soybean oil is a major commodity in the US with practical uses for both food and 
industrial products. A declining market for soybean oil production caused by added 
restrictions on oil hydrogenation practices, has fueled improvements in oil industry 
standards. Typical soybean oil contains 8 to 12 g kg-1 of linolenic acid which causes 
unfavorable odor and rapid rancidity which has been dealt with using hydrogenation in 
the past. Scientists have identified fatty acid desaturase genes which when mutated, 
produce oil that does not require hydrogenation. Breeders use single nucleotide 
polymorphism (SNP) analysis to select for soybean mutations containing FAD2-1A, 
FAD2-1B, FAD3A, and FAD3C that regulate oleic acid (18:1) and linolenic acid (18:3) 
respectively. Improved oil quality standards set by the United Soybean Board, 
necessitate an increase in oleic acid (18:1) to greater than 75 g kg-1concentration, and a 
decrease in linolenic acid to less than 3 g kg-1 in soybean oil. In 2016 we performed a 
multi-location yield study comparing four low linolenic (LL) soybean lines with parents, 
and high yielding checks in a randomized complete block design (RBD) at two locations. 
We found that no significant yield drag was associated with low linolenic genotypic lines. 
In 2017 multi-location studies, testing twelve soybean lines, were tested across eight 
Tennessee environments. The two studies investigated the effect of planting date, and 
irrigation on agronomic and seed quality traits of LL lines. A third yield trial was done 
comparing four lines of double mutant FAD2-1A and FAD2-1B that varied at the FAD3A 
and FAD3C genes, which was investigated at two Tennessee locations.  There was a 
statistically significant decrease in linolenic acid when tested at α [alpha]=0.05 when 
both FAD3A and FAD3C mutant alleles are present in soybean lines tested in both 2016 
and 2017. The yield of double mutant LL lines were not significantly different when 
compared to single mutant or double wild-type. Quadruple mutant HOLL lines did not 
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Soybean oil, which first had an impact on the United States in the 1920’s, was 
considered a defective oil due to the high concentration linolenic acid in the seed oil. 
Linolenic acid is highly unstable due to its structure and causes liquid oil to go rancid 
and have an unfavorable odor. Scientists have worked at resolving this oil quality issue 
through multiple methods of oil treatment. The most common method of removing 
linolenic acid from soybean oil was through hydrogenation, however this process has 
been linked to heart disease. Soybean breeders have identified genes that can reduce 
linolenic acid in the seed and can breed the low linolenic phenotype into high yielding 
cultivars.  
Introduction 
Soybean, [Glycine max (L.) Merr.], has been cultivated for 3100 years in China, 
however only within the last 100 years has soybean crops made an impact on the US 
agricultural markets as an oilseed and food product (Chang et al., 2015). Soybean oil 
struggled to penetrate the market due to unfavorable taste issues caused by high 
concentrations of linolenic acid (Moser et al., 1947; Kim et al., 2012). However, when 
WWII broke out, a need for a “butter-like” replacement became necessary. Offensive 
taste and smell of soybean oil dominated the topics at the 1946 conference of the 
Soybean Research Council National Soybean Processors Association (Dutton, 1981; 
Schmid et al., 1997). In Dutton’s 1981 paper on the history of soybean oil, he states that 
scientists identified three ways linolenic acid could be eliminated from the oil; 1) by 
breeding it out, 2) extracting it out using metal chelates, or 3) reacting it out using 
hydrogen (Dutton, 1981). As scientists realized that breeding out linolenic acid would be 
an extremely lengthy process they tried both extraction and reaction methods (Moser et 
al., 1947; Schwab et al., 1953b; a; Sedgwick, 1956). Selective breeding for improved 
fatty acid concentrations, prior to genetic mapping, used gas chromatography on 
diverse lines to find possible low linolenic (LL) populations, a time consuming processes 
with low success rates (Howell and Collins, 1957). Over the next several years lipid 
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chemists worked to produce an edible vegetable oil from soybean seed through 
selective hydrogenation catalysts (Sims and Hilfman, 1953; Merker and Brown, 1956; 
Dutton, 1981). While progress was made toward extracting and reacting out the 
linolenic acid, soybean breeders were identifying lines that contained LL acid 
concentrations.  
Mutations in fatty acid desaturase genes FAD3A, FAD3B, and FAD3C, which reduce 
linolenic acid concentrations in the soybean seed, where identified to aid in marker 
assisted selection of LL soybean lines (Fehr et al., 1992; Bilyeu et al., 2005). 
Additionally, discoveries into plant physiology identified increased oleic acid as reducing 
both linoleic and linolenic acid (Hammond et al., 1971; Hatanaka et al., 1976). As 
genetic analysis was made possible with techniques such as targeting induced local 
lesions in genomes (TILLNG), identifying soybeans with the genetic predisposition for 
low linolenic acid was made possible by identification and location of FAD genes 
involved in fatty acid biosynthesis (Pantalone et al., 1997, 2004; Bilyeu et al., 2005).  
Soybean oil and hydrogenation practices 
Lipid chemists studied selective hydrogenation of soybean oil using variations of high 
pressure hydrogen and then measured the various melting temperatures resulting from 
the different PSI of hydrogen pressure (Sims and Hilfman, 1953). Hydrogenation 
produces trans isomers of linolenic and linoleic acid, forming a solid stable vegetable oil 
at room temperature, thereby preventing soybean oil from turning rancid and eliminating 
the unfavorable taste (Sims and Hilfman, 1953; Dutton, 1981). Linolenic acid (18:3) is a 
poly-unsaturated 18 carbon chain that contains double bonds at Δ9, 12, and 15 (Figure 
1.1). The nutritional component of this fatty acid gives the human body the necessary 
but superfluous omega-3 fatty acid desaturase, while also providing a noxious fishy 
flavor and dramatically reducing the shelf life of the oil, due to lack of oxidative stability 
(Fehr, 2007; Han et al., 2014). Partially hydrogenated oils (PHO’s) bolstered US 
soybean production by making the oil more consumer friendly through improved taste 
and odor elimination (Dutton, 1981). This fueled a steady increase in the US soybean 
market that is presently valued at 40,943 billion dollars (USDA, 2016). Currently 
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soybean oil boasts 54 percent of the edible oil market in the world (SoyStats, 2016). 
Unfortunately, the PHO trans-isomer structure is unable to be broken down by the 
human body, rendering trans-fat detrimental to human health (Willett et al., 1993; 
Mozaffarian D, 2009; Dhibi et al., 2011a, 2015; Naghavi et al., 2015).  
Human health impact of partially hydrogenated soybean oil 
Extensive study of the effects on the human body of trans-fatty-acids, have established 
a substantial correlation between coronary heart disease (CHD), as well as 
cardiovascular disease (CVD) and consumption of PHO’s (Willett et al., 1993; Katan et 
al., 1995; Mozaffarian and Clarke, 2009; Mozaffarian D, 2009; Dhibi et al., 2011a, 
2015). Consequently, the FDA mandated labeling of trans-fat on all food product labels 
in 2006, which resulted in reduced soybean commodity prices (ERS, 2016; Scuse and 
Parsons, 2017). From the Nurses’ Health Study, the Food and Drug Administration 
(FDA) found that trans-fatty-acid intake specifically associated with linolenic acid, had a 
significant relationship to incidence of CHD (Willett et al., 1993). In a study performed in 
Iran, a country where PHO’s are not yet banned, Mozaffarian determined that cultural 
dietary traditions immersed in high trans-fat vegetable oils resulted in higher frequency 
of CHD (Mozaffarian et al., 2007). Later wider studies found that those who consumed 
vegetable oils containing trans-fat were at greater risk of other non-infectious diseases 
such as cancer, Type II diabetes and CVD (Mozaffarian D, 2009; Mozaffarian et al., 
2009; Naghavi et al., 2015). 
In 2015, after the ban on PHO’s in Europe, the FDA held up the docket FDA-2013-N-
1317, constituting a final ruling that PHO’s were no longer generally recognized as safe 
(GRAS). Food stuffs containing trans-fats, which had required labeling, were found to 
be costing Americans billions of dollars in health care costs, and PHO’s would be 





The oil in soybean seeds is composed of approximately 20% of total seed composition, 
contributing the greatest concentrations of oil when compared to any food legume 
(Bewley et al., 2013). However, this concentration is entirely dependent on growing 
region, cultivar, as well as several environmental factors. As seeds develop, they store 
energy as lipids, mostly triglycerides, stored in cells oil bodies which surround the larger 
protein bodies (Lee et al., 2012). The fatty acid (FA) composition of most soybean 
seeds found in US cultivars consists of palmitic (16:0) 100 g kg-1, stearic (18:0) 40 g kg-
1, oleic (18:1) 220 g kg-1, linoleic (18:2) 540 g kg-1, and linolenic (18:3) 100 g kg-1, with 
24 other FA’s in much lower quantities (Wilson, 2004). Synthesis of less common FA’s 
occur with similar structural configurations, which reside in cell membranes and storage 
lipids that are found in much lower quantities. This composition is largely due to the 
physiological processes for seed dormancy as well as to sustain nutrition to young 
plants recently germinated (Bewley et al., 2013). 
As market demands for healthier high oleic (HO) and low linolenic (LL) oil continue to 
rise and soybean oil demands have fallen, plant scientists have identified fatty acid 
desaturase (FAD) genes that can significantly affect fatty acid biosynthesis (Shah et al., 
1997; Matsuda et al., 2001; Bilyeu et al., 2003; Schlueter et al., 2007).  
High oleic acid and low linolenic acid 
In 2007, genes encoding FAD2-1A and FAD2-1B alleles were identified as playing a 
vital role in seed oleic acid biosynthesis (Schlueter et al., 2007). Gene identification led 
to the discovery of plant introductions of non-transgenic lines which contain FAD2-1 and 
FAD3 missense and antisense mutations, capable of regulating oleic and linolenic acid 
production in soybean seeds (Fehr, 2007; Dierking and Bilyeu, 2009; Pham et al., 2010, 
2013). One such nonsense mutation was identified at GmFAD3A loci, that when 
combined with splice cite mutation at GmFAD3B could produce seed oil with less than 
30 g kg-1 linolenic acid (Reinprecht et al., 2007). Soybean linoleate production is 
controlled primarily by GmFAD3A, GmFAD3B and GmFAD3C genes (Bilyeu et al., 
2011). Three studies established that high oleic (HO) mutations at  FAD2-1A and FAD2-
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1B loci contributed to significant reduction in linolenic acid, especially when LL soybean 
lines contained mutations at FAD3A and FAD3C loci (Dierking and Bilyeu, 2009; Pham 
et al., 2010, 2012). The additive effect of the mutated sets of alleles FAD2-1A, FAD2-1B 
is greater than the individual allele affect when added together (Ruddle et al., 2014).  
Biosynthesis of triacylglycerol and the G X E effect in fatty acid synthesis 
The regulation of linolenic acid in the seed by omega-3 fatty acid desaturase enzymes 
is conducted in the endoplasmic reticulum (ER). This process starts in the plastid where 
the pyruvate dehydrogenase complex drives fatty acid production by generating acetyl-
co-enzymes that build the basic structure of a 16 or 18 carbon chain, forming saturated 
fatty acid palmitate, stearate and oleate (Bewley et al., 2013; Li-Beisson et al., 2013). 
These FA chains are then activated to CoA esters and exported to the ER (Li-Beisson 
et al., 2013). From oleoyl residues, formed after an acyl group has transferred to a 
phospholipid, linoleic (18:2) and linolenic (18:3) unsaturated fatty acids form when the 
18 carbon oleate molecule is robbed of two hydrogen atoms, adding two double bonds 
forming linoleate (18:3) (Li-Beisson et al., 2013). This can be affected by environment or 
genetic predisposition, as seen in a multiple location and planting date study (Gallardo 
et al., 2014). The majority of seed oil plants tend to accumulate higher concentrations of 
unsaturated fatty acids when grown in cooler environments than seed oil plants grown 
in warm climates. Early maturing HO soybean lines grown in warmer climates 
accumulate higher concentrations of oleic acid than the same lines grown in cooler 
climates (Lee et al., 2012; Jaureguy et al., 2013). Soybean cultivars with mutant FAD2-
1A and FAD2-1B genes have elevated seed oleic acid composition; however, wild-type 
(WT) populations have been shown to exhibit a delayed expression of oleic acid 
synthesis in developing pods in cooler climates (Schlueter et al., 2007). These studies 
suggest that when high oleic soybean lines are exposed to low temperatures during 
seed formation stages, oleic fatty acid accumulation in the seed might be retarded or 




Linolenic acid (18:3) accumulation in seeds has also been found to be affected by 
abiotic and biotic stresses. Linolenic acid is the starting material for producing jasmonic 
acid (JA), which synthesizes proteinase inhibitors that block insect and pathogen attack 
of plant tissues when an attack is eminent (Conconi et al., 1996; Ryan and Pearce, 
1998). The JA biosynthetic pathway utilizes α-linolenic acid as a signaling molecule 
expressed through plant tissues to induce LOX1 gene in some plants, which transcribes 
a protein that induces the lipoxygenase pathway in response to herbivore and pathogen 
wounding (Zhuang et al., 1991; Farmer and Ryan, 1992). Plants have adapted both of 
these responses to pathogen, herbivorous insects, and nematode attacks by 
synthesizing protease inhibitors such as the plant hormone JA, which activate defense 
related genes such as the LOX1 gene (Farmer and Ryan, 1992; Bergey et al., 1996). In 
a study on FA synthesis in LL soybean cultivars, linolenic FA significantly increased in 
soybean cyst nematode (SCN) susceptible lines as a result from a multiple pest attack 
(McCarville et al., 2012). McCarville also found  that yield was negatively affected in LL 
lines when compared to SCN resistant and susceptible soybean lines that experienced 
multiple-pest attack (McCarville et al., 2012). This increased linolenic acid production is 
thought to be caused by lipid dependent O2 consumption for lipoxygenase (LOX) 
pathway activation triggered by plant abiotic or biotic stress (Zhuang et al., 1991). 
Opposing the results of McCarville, Singh’s study found that LL lines may produce 
higher soybean yields, specifically increased seed size, when compared to WT lines 
when both LL and WT lines are inoculated with bean pod mottle virus (BPMV) (Singh et 
al., 2011). Singh’s study also indicated that there was no change in JA production in the 
LL seeds due to the BPMV. The lack of change in JA was surprising since most biotic 
stresses would trigger lipoxygenase activity which should have increased production of 
JA in the plant. Further study of environmental influence on linolenic acid effects on 
soybean yield and FA synthesis could identify if these are due to abiotic or biotic stress 




Soybean breeders have a responsibility to produce high yielding, disease resistant 
cultivars for farmers, while improving protein and oil quality for multiple industry uses. 
Breeders are also charged with the responsibility of producing cultivars that will manifest 
the specific traits that they are designed to express, in various environments.  
Breeding for high oleic low linolenic soybean oil 
To offset the declining value of soybean production in global markets, new industry 
standards for a better quality oil have been set in place by the United Soybean Board. 
The improved cultivars have an expectation for greater than 750 g kg-1 oleic acid (18:1), 
and reduction of linolenic acid (18:3) to less than 30 g kg-1 of total seed oil. With new 
commodity standards, these HOLL lines will fetch a higher value at grain elevators and 
will be labeled as high oleic low linolenic (HOLL) (Pham et al., 2012). Soybean breeders 
have used DNA sequencing to develop molecular markers for selection of reduced 
linoleate and increased oleate soybean lines (Bilyeu et al., 2005; Fehr, 2007). Breeding 
methods using plant introductions with mutant FAD2-1A, FAD2-1B, FAD3A and FAD3C 
alleles, can introduce these phenotypic traits into high yielding cultivars (Pham et al., 
2011, 2012; Lee et al., 2012).  
Marker assisted selection using single nucleotide polymorphisms (SNP’s) can be used 
by breeders to select new lines for improved oil quality, prior to plant harvest with as 
little as a small piece of leaf tissue.  This allows breeders the opportunity to eliminate 
plants from the F2  population that did not acquire the necessary genes from the donor 
parent. SNP’s are regions of DNA in which one base pair (BP) of nucleotides varies 
between individuals at a known region of DNA which expresses a phenotypic trait. They 
are identified by amplifying the known regions of DNA at the SNP site, using 
polymerase chain reactions (PCR). The known region of DNA from a genotype for a 
specific allele, also known as the wild-type (WT), is amplified and compared to DNA 
from a line expressing a mutation. When analyzing FAD2-1A, FAD2-1B, FAD3A and 
FAD3C genes, the mutations are expressed as homozygous recessive alleles resulting 
in changes to FA biosynthesis. The SNP’s can be viewed using capillary electrophoresis 
equipment that displays a melt curve genotype on a monitor once samples have been 
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loaded and amplified. Breeding for quality traits, such as oil FA composition, can be a 
lengthy process without genotyping technology due to the need to wait for mature plant 
material to measure oil composition in seeds using gas chromatography (GC). 
In the instance of linolenic acid, the general regions of DNA known as GmFAD3A and 
GmFAD3C carrying the mutation for omega-3 desaturase enzyme were compared with 
WT cultivars. The FAD3A allele was identified using the DOE Phytozome website to 
design primers around the region of interest on the DNA strand (Jourdren et al., 1996; 
Pham et al., 2013; US Department of Energy, 2015). Simple probes, created using the 
LightCycler Probe Design Software Primers, were created for testing FAD3A omega-3 
fatty acid desaturase (Glyma14g37350/fan1), and FAD3C omega-3 fatty acid 
desaturase (glyma18m06950/fan2). This was done using an RNA template to amplify 
DNA around the known region of the FAD3A gene, which was compared with the DNA 
of Williams82 soybean lines (Bilyeu et al., 2005, 2011). The initial probe was produced 
by amplifying samples of DNA of individual plants using TaqMan polymerase solution, 
running both WT and mutant samples on an agarose gel. The samples were then 
compared with known WT after completing gel electrophoresis. This was repeated 
several times with start codon’s at various distances from the FAD3 start codon until a 
single BP difference was detected between the WT and the mutant within the PCR 
being run (Bilyeu et al., 2005; Pham et al., 2013). Once the mutation was identified, a 
probe was engineered for detecting mutant SNP regions of DNA, so that molecular 
markers could be engineered for marker assisted selection of each FAD2 and FAD3 
allele (Bilyeu et al., 2011). 
Using SNP technology to identify HO and LL lines from tissue samples ensures a quick 
turnaround for breeders to produce high yielding HOLL lines. This is done through 
backcrossing with high-yielding, disease resistant cultivars. The number of backcrosses 
is determined by how much genetic diversity is acceptable or useful in the new line 
being pursued (Liu, 1997). Breeders must find a balance when increasing expression of 
one phenotypic trait, not to inhibit other cellular machinery the plant needs in order to 
run properly. Linolenic acid has multiple uses in plants such as signaling through the 
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plant of a pest or pathogen attack, or other environmental stressors (Farmer and Ryan, 
1992; Jaureguy et al., 2013). Further study on the expression of oleic and linolenic acid 
in multiple environments needs to be performed in order to identify whether yield is 
affected by these specific mutant genotypes, or if expression of the high oleic or low 
linolenic phenotype is affected by specific environmental conditions. Additional studies 
looking at irrigation and planting date could answer questions within industry for 
optimum yield and FA concentrations, as well as open up dialog for quantifying GXE 




• Test the effectiveness of SNP analysis in predicting fatty acid concentration 
based on genotypic segregation for Fad2-1A, Fad2-1B, Fad3A and Fad3C genes in 
soybean lines grown in multiple Tennessee environments.  
• Test the effect on yield in three Tennessee locations of lines with low linolenic 
fatty acid in various environmental situations. 
• Determine irrigation effect on linolenic fatty acid concentration in two Tennessee 
locations. 
• Test the effect of two planting dates in two Tennessee regions for LL lines. 
• Determine if a quadruple mutant (fad2-1A, fad2-1B, fad3A and fad3C) line is 
necessary to produce a HOLL line with greater than 750g kg-1 oleic and less than 
30g kg-1 linolenic fatty acid in a maturity group 4 late cultivar for Tennessee growers. 
• Evaluate the seed yield and seed quality traits (protein concentration, oil 
concentration, fatty acid composition, amino acid concentrations) of BC3F2 HOLL 





Figure 0.1 α-linolenic acid (18:3Δ9,12,15) cis and trans forms without 
triacylglycerol phospholipid backbone. 1a cis-linolenic fatty acid (unsaturated) 1b 



















CHAPTER 2 LOW LINOLENIC SOYBEAN LINES RESULTING FROM 
MUTANT FAD3A AND FAD3C ALLELES, AN EVALUATION OF 






Low linolenic soybean oil has gained interest as the elimination of hydrogenated oils 
has come into effect in the US. The standard concentration for an oil to be labeled as 
low linolenic soybean oil was set by the United Soybean Board at 30 g kg-1. Two mutant 
genes, fad3A and fad3C, have been revealed to reduce linolenic acid in soybean seeds 
to less than the necessary 30 g kg-1. In 2015, to accommodate the need for improved oil 
quality, we began research on agronomic and seed quality traits of soybean lines that 
varied at the FAD3A and FAD3C loci. The 2015 near isogenic population was 
developed from a 2011 cross. The donor parent, TN10-4404, with double mutant 
genotype for fad3A and fad3C, was crossed with high yielding parent LG06-5798. In 
2014, a single F6 plant, heterozygous for FAD3A and FAD3C loci, was identified using 
marker assisted selection. The progeny from that single F6:7 plant made up the 
population studied, which consisted of four homozygous genotypic classes. Each line 
was selected using single nucleotide polymorphisms (SNP’s) performed on a 
LightCycler 480 using forward and reverse primers and probe for GmFAD3A, 
GmFAD3C and confirmed using gas chromatography (GC). In 2016, a study of the 
agronomic performance of four lines, varying at FAD3A and FAD3C loci, was conducted 
at two Tennessee locations. Further analysis on environment was performed in 2017 on 
12 soybean lines at three Tennessee locations, East Tennessee Research and 
Education Center (ETREC), Research and Education Center at Milan, and Highland 
Rim Research and Education Center, to evaluate the effect of eight environments on 
agronomic and seed quality traits. Analysis of variance using a GLIMMIX procedure was 
conducted using statistical software SAS 9.4. We found that genotypic classification for 
linolenic acid concentration had no significant effect on yield or other agronomic traits. 
However, planting date had a significant effect on linolenic fatty acid concentration.   
Introduction 
Soybean (Glycine max) is an important oil seed crop, used in both vegetable oil 
products and biodiesel production. The total value of soybeans produced in the US in 
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2016 was over $40 billion (ERS, 2016). The value of soybean oil as a portion of the 
soybean industry receded after the FDA ruling in 2006 that mandated labeling of 
partially hydrogenated oils (PHO’s) on all food items consumed in the US (Ash, 2017).  
As a staple in food products, soybean oil has been in production since the 1940’s when 
lipid chemists developed a way to create a butter-like substitute from liquid vegetable fat 
by selective hydrogenation (Dutton, 1981). Selective hydrogenation, the processed 
used to produce PHO’s, uses high pressure hydrogen to alter the structure of 
unsaturated fatty acids, such as linoleic (18:2Δ9,12) and linolenic acid (18:3Δ9,12,15). This 
alters the unstable cis double bond between the third and fourth carbon of the molecule, 
thereby changing it into a partially hydrogenated trans-fatty acid. The structural change 
of the linolenic fatty acid molecule transforms vegetable oil from a liquid to a solid, with 
a higher melting temperature that improves the stability of vegetable oils and removes 
offensive odors associated with the oil (Jovanovic et al., 2002). The unfortunate result is 
that PHO’s cannot be broken down by the human body due to the high melting 
temperature. The addition of PHO’s to a person’s diet has been linked in several studies 
to coronary heart disease, diabetes and other non-communicable diseases (Willett et 
al., 1993; Mozaffarian et al., 2007, 2009). In 2015, Europe eliminated the use of PHO’s 
in foodstuffs, and the US followed suit with mandatory labeling of PHO’s followed by 
elimination from packaged food, calling PHO’s not generally recognized as safe (GRAS) 
for human consumption based on several studies (Arena et al., 2015; Breda et al., 
2015; Kux, 2015). Oil stability investigations not requiring hydrogenation have been 
employing plant scientists for years in the endeavor of improving soybean oil quality.  
Novel soybean lines containing low linolenic fatty acid are currently being bred to 
improve flavor and oxidative stability without hydrogenation of soybean oil (Pantalone et 
al., 2004; Bilyeu et al., 2011; Spencer et al., 2013; La et al., 2014). Three loci for 
linoleate have been identified from homologs (GmFAD3A) from Arabidopsis thaliana, 
with two fatty acid desaturase genes FAD3A and FAD3C, and shown to have the 
greatest impact on the linolenic acid production in soybean seeds  (Shah et al., 1997; 
Bilyeu et al., 2003, 2005). The low linolenic acid trait in soybeans can only be of value to 
16 
 
Tennessee farmers when other quality expectations such as high yield, good quality 
protein and oil have been met. In 2017, the average yield of commonly sown maturity 
group four late (MG-4L) soybeans in Tennessee was 4371 kg ha-1 with total protein and 
oil being 397 g kg-1  and 214 g kg-1  by dry weight basis, respectively (Sykes et al., 
2017). Tennessee farmers require yields comparable to those high yielding varieties 
tested annually by variety trials for their economic needs. However, if grain elevators 
separated oils produced for human consumption for improved nutraceutical value, those 
farmers producing improved fatty acid concentration cultivars should receive a premium 
for their soybean seed. Although Tennessee grain elevators are not currently evaluating 
fatty acid constitution yet, other states have begun to equip grain elevators with NIR 
equipment for fatty acid evaluation (Everard, John D., Personal communication, 2018). 
Until new commodity expectations for quality soybean oil have been put into effect, 
producers will continue to evaluate the worth of low linolenic soybean lines solely by the 
total yield and total protein and oil produced. For that reason, this experiment evaluated 
the yield, seed quality and agronomic value of 12 soybean lines varying at FAD3A and 
FAD3C loci for different levels of linolenic acid and compared them with two high 
yielding checks and parents in eight environments. 
To accurately determine the effect of environment on linolenic acid accumulation, 
studies in multiple environments on fatty acid synthesis have revealed that temperature 
and drought pressure affects linolenic acid accumulation in soybean and flax seed 
(Jaureguy et al., 2013; Gallardo et al., 2014; Carrera and Dardanelli, 2017). Linolenic 
acid in plants is highly influenced by environment. One study with several locations over 
the southern hemisphere, showed that oleic acid increased with increased temperatures 
while linolenic acid accumulation decreased in soybean seeds (Carrera and Dardanelli, 
2017). In an Arkansas study conducted with three planting dates, an early, mid and late 
season planting, high protein and oil lines were compared with other high yielding lines. 
The high protein lines experienced a significant decrease in linolenic acid for the late 
planting date study, while linolenic acid concentration where elevated in high oil 
soybean lines planted in early and mid-planting date study but did not differ from in the 
late planting date treatment when compared with all lines in the study (Jaureguy et al., 
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2013).  Studies have also indicated that irrigation and rainfall may alter fatty acid 
accumulation. In a study focusing on water deficit models, Carrera (2017) found that 
soybeans grown in water stressed regions had lower linolenic fatty acid concentrations 
than those grown in irrigated agriculture systems when compared across 79 
environments (Carrera and Dardanelli, 2017). High oleic soybean plant introductions 
have been found to have mixed results of fatty acid accumulation when tested across 
multiple environments, and with multiple planting dates, suggesting that environment 
might play a significant role in fatty acid accumulation in the seed (Lee et al., 2009). 
These insights call into consideration the production systems in practice, such as 
irrigation and planting timeline of farmers if low linolenic soybeans gain more value as a 
specialized oil. The following studies on NIL’s of soybeans investigate both the yield 
impact, agronomic traits and seed quality of low linolenic lines grown in eight 
Tennessee environments. We set out to find how much effect planting date and 
irrigation has on agronomic traits as well as fatty acid concentrations. 
Materials and Methods 
Plant material 
A low linolenic population was developed from 2011 cross (11-04) from lines TN10-
4404 X LG06-5798. The female parent TN10-4404 (LL donor) was developed from 
experimental lines 5601T X SB01. SB01 is a low linolenic line containing mutant alleles 
FAD3A and FAD3C developed from cross CX1512-44 X Pana, in a mutagenesis 
breeding program. Line CX1512-44 contained 30g kg-1 of linolenic acid, with two FAD3 
mutant genes (Bilyeu et al., 2005).  
The male parent LG06-5798, a high yielding, maturity group (MG) IV early (E) soybean 
cyst nematode (SCN) resistant line, was developed from cross LG00-3372 X LD00-
3309 at USDA-ARS, and Illinois Agricultural Experiment Station (Nelson et al., 2014). 
LG06-5798 was chosen for yield performance and SCN resistance in 2009 and 2010 
preliminary yield tests (Nelson et al., 2014). Line LG00-3372 resulted from a cross 
between MGIII plant introduction (PI) 561319A X PI 574477 grown for genetic diversity 
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(Nelson et al., 2014). Line LD00-3309 was developed from cross Maverick X Dwight 
and was a high yielding check in both the USDA Southern Uniform Test check in 2012 
and the Uniform Soybean Tests, Northern Region from 2014 to 2016, with very good 
lodging, and resistance (Gillen and Shelton, 2012; Schlueter and Scofield, 2014).  
At the University of Tennessee, East Tennessee Research and Education Center 
(ETREC), Plant Science Unit, crosses were performed in the attempt to produce novel 
high yielding, low linolenic soybean lines. In 2015 a single F6 plant, heterozygous for 
two LL loci FAD3A and FAD3C, was selected from cross 11-04 for superior seed quality 
and yield. The F6:7 progeny from the single plant were grown at ETREC as row AW6 for 
development of 12 near isogenic lines (NIL).  Development of cross TN10-4404 X 
LG06-5798 (11-04) from 2011 through 2016 was performed using pod picks, gas 
chromatography (GC) and molecular markers for single nucleotide polymorphisms 
(SNP’s), selecting single plants when appropriate based on both genotypic and 
phenotypic data (Table 2.1). Twelve lines, characterized by homozygous genotypes, 
were referred to in 2017 with the prefix AWLL.  
Melting curve genotyping using SNP molecular markers 
In 2015, AWLL single plants had DNA sampled from young leaf tissue, collected onto 
WhatmanTM FTATM cards, from every plant in row AW6 prior to flowering. DNA was 
stored at room temperature on FTATM cards. A 2.5mm punch from the DNA on the 
FTATM cards was placed in pre-identified wells in two-96 well plates. DNA samples were 
unlocked from FTATM cards by rinsing the punch with 100 µl of FTA Purification 
ReagentTM and allowing liquid to penetrate card sample for five minutes prior to liquid 
extraction using sterile tips. This was repeated two times with reagent and then two 
times with 100 µl of TE buffer at five minute intervals between liquid extractions. After 
final rinse and liquid extraction, plates were dried for approximately 30 minutes to two 
hours, allowing excess solution to evaporate. Liquid DNA for controls was added to 
empty cells and the plate was covered and set aside. The solution for melting curve 
genotyping for either GmFAD3A or GmFAD3C was mixed, and added to each cell 
containing DNA (Pham et al., 2011). The following lab protocol was developed by Dr. 
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Kristin Bilyeu at USDA-ARS Columbia, MO. Probes, primers and Taq were stored at 
0oC freezer and then thawed 20-30 minutes prior to assembly. Solution for a full 96 well 
plate consisted of 86 µL water, mixed with 100.0 µl 2x Titanium Taq. In a separate 
sterile tube 4.0 µl of primers (FAD3A forward, or FAD3C reverse), and 10.0 µL (FAD3A 
reverse, or FAD3C forward) were mixed together and vortexed briefly; three times for up 
to one second, prior to adding 0.2 µl locus specific probe. The solution was mixed and 
20 µl were added to each cell. LightCyclerM Sealing Foil was placed on the plate to lock 
in samples, and the plate was centrifuged for 1.5 minutes. The plate was then inserted 
into LightCycler 480, a rapid high-throughput, real-time PCR amplification and detection 
instrument, and run using software according to lab protocol (Bilyeu et al., 2011). The 
results for each sample was compared to a positive mutant (mut) control and a negative 
wild-type (WT) control. Samples with peaks at both melt curve temperatures were 
identified as heterozygotes, while samples that peaked at the same temperature as the 
mut control were called as mut and those samples that peaked at the WT control were 
called as WT prior to harvest.  
Gas chromatography performed to confirm SNP molecular markers 
In the fall of 2015, 68 F7 single plants from row AW6 were harvested and a five seed 
samples from each plant were evaluated for fatty acid profiles using gas 
chromatography (GC). The five bean samples were crushed and inserted into glass test 
tubes. Under a fume hood, 3 mL of extraction solvent was added to each sample, 
followed by capping the sample. Samples were given four hours to 12 hours to set. 
Next, the derivatization procedure was performed by adding 100 µl of the oil extract 
from the test tube into a 2 mL vial, combining it with 0.75 mL of hexanes and 75 µl of the 
methylation reagent and crimping caps onto each sample. Prior to samples, a standard 
of  RM-1 mix containing 60 g kg-1 palmitic acid (16:0), 30 g kg-1 steric acid (18:0), 350 g 
kg-1 oleic acid (18:1), 500 g kg-1 linoleic acid (18:2), 30 g kg-1 linolenic acid (18:3) and 30 
g kg-1 arachidic acid (20:0) was run. ChemStation software was used to run the 
sequence for the fatty acids of interest, the same as the standard excluding arachidic 
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acid. The report of the sequence summary was imported into Microsoft Excel, where the 
data was coordinated with each sample number and organized by genotype.  
AWLL line development 
In fall of 2015, homozygous single plants from row AW6, confirmed using SNP 
genotyping and GC data, were sent to Homestead, FL winter nursery to be grown as 
possible lines in 2016 and 2017. Additional DNA from young leaf tissue samples were 
collected in Homestead, FL 2015-2016 winter nursery to confirm each row’s genotype 
and to increase possible lines for 2017 study. From this material, four lines were 
selected for a yield trial performed in 2016. These lines were designated in Homestead, 
FL as VH16-429 (FAD3A FAD3C double mutant (mut)), VH16-433 (FAD3A, FAD3C 
double wild-type (WT)), VH16-438 (FAD3A WT, FAD3C mut), VH16-441 (FAD3A mut, 
FAD3C WT). Later genotyping in the summer of 2016 confirmed that both VH16-438 
and VH16-441 had been heterozygous at the FAD3C allele and did not continue in the 
2017 AWLL population. These lines were eliminated from yield and agronomic trait data 
for both 2016 and in the combined 2016 and 2017 AWLL population data.  
From Homestead, FL row VH16-440, a known heterozygote for FAD3C allele, was 
selected for development of 18 additional F8 single rows at ETREC, as plots 91071-
91087 in the population rows, in the summer of 2016. In 2016, those lines from VH16-
440 that were homozygous for FAD3A and FAD3C alleles were retained and grown in 
four row plots at USDA-TARS Isabella, PR in 2016-2017. Those seed increases were 
grown at 100 seed per row, with row spacing of 63.5cm on center, and planted in 3.1m 
long plots. Four plants per row were tissue sampled, 16 samples per line, on FTATM 
cards in February 2017 at PR winter nursery to confirm genotype using SNP and GC 
analysis. Of the 12 lines sent to PR for seed increase, and LL line development, 11 
were retained. Additional lines were developed from those lines grown in PR, adding 
two lines to each genotype for agronomic and seed quality trait testing in 2017.  
21 
 
Low linolenic genotypic assignment to soybean lines 
In fall of 2017, three lines for each of the four genotypic classes being investigated were 
established as AWLL-01 through AWLL-12. Ten of the lines were F8:9 lines grown in PR 
and two lines returned from the 2016 yield trial (Table 2.1). Genotype was assigned 
based on SNP analysis performed in 2016 on single plants in the yield trial and 2016-
2017 winter nursery seed increases. Leaf tissue samples from four single plants per 
row, 16 samples per line, were assessed using the LightCycler480. A five seed sample 
was ran on the GC to confirm that the fatty acid concentration was within the genotype 
being represented. Lines were again designated as having either homozygous 
dominate ‘wild-type’ (WT) or homozygous recessive ‘mutant’ (mut) for each allele 
FAD3A / FAD3C as follows; WT/WT designated: FFGG; WT/mut: FFgg, mut/WT: ffGG, 
and mut/mut: ffgg. Lines were assigned the following designations; ffgg genotype: 
AWLL-01, AWLL-02 and AWLL-03; FFGG genotype: AWLL-04, AWLL-05, and AWLL-
06; FFgg genotype: AWLL-07, AWLL-08 and AWLL-09; and ffGG genotype was 
represented by AWLL-10, AWLL-11 and AWLL-12 lines.    
2016 Experimental design 
In 2016, a multiple location field study was conducted in a randomized block design 
(RBD). Locations, Highland Rim Research and Education Center (HRREC) and 
ETREC, were planted with four F6:7 near isogenic experimental lines with two 
replications of two row plots. Eight entries were assigned as one of four treatment 
groups or as parents or checks. Treatment groups were assigned in genotypic classes; 
FFGG, FFgg, ffGG, ffgg. Parent lines included TN10-4404 and LG06-5798. The two 
high yielding checks LD00-2817 MG-4E and TN12-4100 MG-4L were selected based 
on the maturity of parent lines. Each replication consisted of 160 seeds, 80 seeds per 
row.  
Seeds were planted in a tilled field at HRREC on 12 Jun. 2016, in 6.1m rows with 0.9m 
spacing in Hamblin silt loam conditions. The field was fertilized with 123.3 kg ha-1 of 0-
20-40 prior to planting and treated with herbicides Basagran, Reflex and SelectMax post 
planting. Plots were end-trimmed to 4.9m prior to flowering. Maturity notes began 3 Oct. 
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2016, however were incomplete due to high variation in maturity at time of harvest at 
HRREC. Additionally, the experimental lines exhibited a lanky indeterminate growth 
habit with very poor lodging scores. Irrigation overspray from a nearby field may have 
affected growth at this location. Harvest took place on 10 Oct. 2016, using a two row 
combine, with moisture percent and total weight recorded using Seed Spector computer 
software. Subsamples of seed were collected into paper bags and used for seed quality 
analysis using GC and NIRS.   
At ETREC, lines were planted on 1 Jun. 2016 in two row, 6.1m plots with 0.9m spacing. 
Weed management in field was performed using hand hoeing technique. Lines at 
ETREC were not end-trimmed due to large gaps in material that resulted in less than 
4.9m of material in all plots. Heavy rains immediately after planting caused flooding in 
the region of the field where the test was planted, adversely affecting seed germination. 
Gap notes and row length differences were accounted for in the mean yield 
calculations. This test was flanked by two rows of ‘Ellis’ cultivar as a buffer. Harvest took 
place on 7 Oct. 2016 using a two row combine which recorded moisture percent and 
total weight using onboard Seed Spector computer software. The combine was cleaned 
using brushes between each harvested plot. 
At each location, seed purity was preserved by rouging off types based on flower color 
and pubescence color. Flower color, pubescence color (grey or tawny), maturity, 
lodging and height were recorded for most plots. Height scores were averaged by 
comparing two plants of average height between the two row plots. Lodging was based 
on visual analysis with a scale of 1 to 5; 1 being very good and completely upright, 5 
being poor lodging with stems lying horizontal on the ground. The average lodging of all 
the plants in two row plots were recorded. Relative maturity was based on visual 
assessment for 90 percent senescence. The relative maturity was determined using the 
Julian calendar by subtracting the number of days at planting from number of days at 
maturity. All lines from cross 11-04 segregated for flower color. 
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2017 Experimental design 
In 2017, twelve near isogenic experimental lines, two high yielding checks and two 
parents, were planted in eight environments for the following two studies. The planting 
date study consisted of an early planted ETREC, late planted ETREC, early planted 
HRREC, and late planted HRREC environments. The irrigation study consisted of the 
following environments; irrigated HRREC, non-irrigated HRREC, irrigated RECM, and 
non-irrigated RECM. Experimental lines entered into the planning date study were 
AWLL-01 through AWLL-12. Lines AWLL-01, AWLL-03 through AWLL-12 were entered 
into the irrigation study. Line AWLL-02, a double mutant line, was omitted from the 
overall yield study due to lack of assessment in irrigated environments; however, this 
line will be discussed in subsequent sections in the planting date study. Each line was 
classified into FAD3A (mutant: ff or WT: FF) and FAD3C (mutant: gg or WT: GG) 
groups as follows; AWLL-01 though AWLL-03: ffgg, AWLL-04 though AWLL-06: FFGG, 
AWLL-07 through AWLL-09: FFgg, and AWLL-10 through AWLL-12:  ffGG. Purity of 
lines was maintained by roughing based on flower color and pubescence color. Lines 
were assessed for height, lodging and maturity as assessed in 2016. Disease ratings 
were taken between growth stages R3 to R5 every 2 weeks at all locations. Disease 
was rated 1-10 for susceptibility to pathogen, and percent affected was the number of 
plants per line for the three most common diseases exhibited in those plot in 2017; 
Sudden Death Syndrome (SDS), Frogeye Leafspot (FE), and Brown Spot (BS).  
Subsamples of seed from outlying locations were collected during harvest for seed 
quality analysis. Total plot seed weight in pounds and percent moisture were collected 
using Seed Spector software. Total yield was calculated based on 6% moisture in total 
kg ha-1. 
Irrigation treatment 
Evidence exists that oleic acid synthesis increases and linolenic acid decreases in water 
stressed environments (Lee et al., 2012; Carrera and Dardanelli, 2017). Although our 
goal is to decrease linolenic acid, it is important to investigate how much environmental 
factors affect linolenic acid synthesis. To identify how much impact the cultural practice 
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of irrigation affects linolenic acid accumulation in the seed, a study was conducted in 
2017 using irrigated and non-irrigated fields at RECM and HRREC. Two -two row 6.10m 
plots were planted in an irrigated field and in a non-irrigated field at HRREC on May 16, 
2017. At the RECM location, the same procedure was followed using 9.14m plots on 
June 1, 2017. Soybeans were planted at HRREC into Sango silt loam after corn rotation 
and 2 tons per acre of lime was added. Weed control was started immediately with a 
pre-emergent herbicide at planting and maintained throughout the season as necessary 
for eliminating weed pressures. Nutritional constraints were taken into account and 
accommodated by addition of necessary NPK fertilizers in tilled fields. Experimental 
lines consisted of two ffgg genotypic lines AWLL-01 and AWLL-03, three lines of all 
other genotypes as follows; FFGG genotype: AWLL-04, AWLL-05, and AWLL-06; FFgg 
genotype: AWLL-07, AWLL-08 and AWLL-09; and ffGG genotype was represented by 
AWLL-10, AWLL-11 and AWLL-12 lines. 
Note taking began at R3 stage, using the same measures previously mentioned. 
Additional data collected for this study included precipitation and irrigation reports. 
Irrigation was only administered two times at RECM starting on 3 Aug. 2018.  
Planting date treatment 
Planting date has been indicated as a source of variation for total oil and protein 
synthesis in soybeans (Jaureguy et al., 2013). In 2017, the planting date study was 
installed in two row, 6.1m plots. Planting dates were analyzed as treatments at ETREC 
were (early) May 10th and (late) June 13th. At HRREC the (early) planting date was May 
11th and (late) planting date was June 12th. The soil at HRREC was mapped as 
Hamblen silt loam. Soil test at HRREC required the addition of 310.4 kg ha-1 of 45-60-
60 fertilizer. Line purity was maintained by hand roughing of off types of flower color in 
lines not segregating for flower color, and pubescence color at time of flowering and 
maturity. Height, lodging, and maturity notes were collected as lines exhibited 90% 
senescence. 
After plots were harvested, a five seed sample was obtained from each plot for GC 
analysis of fatty acid concentration. Early and late planting dates were chosen based on 
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suggested soybean cultural practices in the state of Tennessee for early planting of 
soybean in soybean/corn rotations and late soybean/wheat rotations (Flinchum et al., 
2009; Jaureguy et al., 2013) 
Statistical analysis 
In 2015, a Chi-Squared test was performed on the difference between data collected 
using SNP genotyping on single plants in row AW6, and the expected genotypic ratio 
(1:2:1)2  to interpret if the observed ratios match those expected from mendelian 
segregation within the nine genotypic groups. Separately, using SAS 9.4 (SAS Institute 
Inc. SAS Campus Drive. Cary, North Carolina) a generalized linear model (GLM) was 
run analyzing linolenic fatty acid concentration based on genotype. This procedure was 
performed at α=0.05 level of significance.   
In 2016, agronomic and seed quality traits were analyzed using a generalized linear 
mixed model (GLIMMIX) model using SAS to determine of genotype effected yield or 
any other agronomic traits. 2016 data were combined with 2017 agronomic and seed 
quality data and were assessed using a generalized linear mixed model GLIMMIX to 
analyze yield, day of maturity (DOM), height, lodging, oleic acid (18:1), linolenic acid 
(18:1) as well as total oil and protein. Fixed effects in the model used were line, group 
(genotypic classes: ffgg, FFGG, FFgg, ffGG) as well as line within group. Random 
factors included location and rep within location. Significance level was calculated at 
α=0.05. The following model was used to analyze agronomic and seed quality traits:  
Yijk = µ + Li + C(L)j + Tk + LTlk + Єijk 
Where Yijk is the phenotypic value, for the ith line, in the jth genotype class within the in 
the ith line, and Tk is the effect of the kth treatment, and LTlk is the effect of the lth line by 
the kth treatment, and Єijk is the residual error.  
Results and Conclusions 
The SNP data collected from single plants in row AW6 from 2015 indicated that the 
desired mutant FAD3A and FAD3C genes were segregating at the predicted frequency 
of 1:2:1 for each genotype (Table 2.2). The chi-square test resulted in a p-value = 15.51 
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Pr X ≥ 5.59 = 0.6930 which is greater than α=0.05, indicating that the genetic 
frequencies observed are the same as the expected frequencies. These data confirm 
that the two genes being evaluated are not linked to one another. 
A generalized linear model was built for each homozygous genotype from the mean 
linolenic fatty acid concentration data, illustrating the dominance effect of the mutant 
genotype ffgg. Each genotypic group had significantly different linolenic acid 
concentrations from each other. The model also illustrates the additive effect of the 
mutant fad3A and fad3C genes, and that the FAD3A genotype has a greater effect on 
the linolenic acid concentration (Figure 2.1).  
In 2016, there were no significant differences in yield among test lines, when averaged 
across replications and locations (Figure 2.2). The line ‘Check 4.5’, a maturity group 
(MG) 4.5, had significantly lower yield than all four AWLL test lines; however, this 
MG4.5 did not have significantly different from the parent line LG06-5798. The poor 
yield of both the parent and Check 4.5 lines is likely due to the early natural senescence 
resulting in shorter seasonal growth. Significant variation in yield was found between 
locations. However, when each line was compared between locations AWLL test lines 
were not different, while for both parents had significantly lower yields at the ETREC 
location (Figure 2.3). The significantly lower yield of parents planted at the ETREC 
location was found to be a result of those plots most affected by the weather event 
discussed earlier. There were no significant differences in yield among all four genotypic 
groups, providing evidence that the desirable low linolenic genotype ‘ffgg’ has no 
deleterious effect on yield.  
A power test was performed, which established that the total number of samples 
represented in 2016 and 2017 establish a > 95% confidance level in our results.  
Combined 2016 and 2017 results of yield and agronomic testing 
The combined data for yield and agronomic traits of the genotypic groups mimicked the 
single year data of 2016 with very little variation between the groups. The 2016 and 
2017 yield study results indicated that parent LG06-5798 had significantly lower yield 
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than both checks. The mean yield of each genotypic group were not statistically 
significant when averaged across both 2016 and 2017 (Figure 2.4). No significant 
genotypic effect was detected for height, maturity or lodging over two years.  
In 2017, the mean linolenic acid among AWLL lines, within genotypic groups, were not 
significantly significant. From these data we can write a prediction model establishing 
expected linolenic acid concentrations in multiple growing environments. Although 
protein was not significantly different between genotypes in 2016 it was lower in lines 
expressing the fad3A mutation. The mean protein concentration in 2016 and 2017 were 
significantly less in genotypic groups containing the fad3A mutation. 
When comparing across all eight environments in the 2017 yield study some 
adjustments to the lines represented were required due to the omission of line AWLL-02 
in the irrigation study. AWLL-02 was only represented in four of the eight environments. 
Double mutant group ‘ffgg’ is therefore, only represented by two lines, while all other 
genotypic groups are represented by three lines. Within the double mutant group ‘ffgg’ 
lines AWLL-01 and AW-03, and ‘FFgg’ genotypic lines AWLL-07 and AWLL-08 were 
significantly different (Figure 2.5). The lower yielding AWLL lines were not significantly 
different from the mean yield of either parent lines, therefore the variation between 
mean yields within genotypic groups is likely due to variation between parent yields as 
indicated in Figure 2.4. To further analyze genotypic effect on yield, an investigation 
between line and environment within location were performed. The mean yield at 
HRREC was significantly lower than ETREC for genotypes ffgg, FFGG and FFgg 
(Figure 2.6). In 2017 the mean yield of lines within genotypic groups had no significant 
differences when compared to each other and parents; however, the mean yield of 
checks were significantly greater than all genotypic groups (Figure 2.7). These results 
indicate further evidence that genotype has no significant yield drag associated with 
linolenic acid concentration in the seed.  
The 2017, mean agronomic maturity (DAP) data, height, and lodging for each line 
indicated that line AWLL-03 maturity was significantly different from line AWLL-01 within 
the ffgg group, whereas all other lines within genotypic groups were not significantly 
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different maturity. Line AWLL-06 was significantly taller than the other lines within the 
genotypic group FFGG (Table 2.3).  
The lodging scores of the experimental genotypic groups were higher than lodging 
scores of both parents and checks. Further investigation comparing lodging scores 
between locations indicated that lines grown at RECM in the irrigation study, had lower 
(better) lodging scores overall and exhibited a more upright growth habit (Table 2.4). Of 
the 12 lines studied, AWLL-07 (FFgg), AWLL-02 (ffgg) and AWLL-09 (FFgg) performed 
significantly better than all other AWLL lines, and consistently had lodging scores under 
three, across locations. Line AWLL-09 had the lowest mean lodging score of 1.9, and 
was not significantly different than checks and parents. 
Planting date study 
The planting date study was performed at ETREC and HRREC locations in 2017 and 
primarily investigated fatty acid synthesis, however other phenotypic traits of yield, 
maturity, height, lodging and total oil and protein were also analyzed.  
When comparing planting date 1 with planting date 2, mean DAP was unsurprisingly 
significantly lower for planting day 2, with improved lodging scores overall for planting 
day 2. The mean oleic acid concentrations was significantly elevated in the planting day 
2 treatment, confirming the literature (Jaureguy et al., 2013; Carrera and Dardanelli, 
2017). However, in contrast to Carrera’s 2017 results in which increased oleic acid 
resulted in linolenic acid decreasing, the AWLL planting date two linolenic acid overall 
mean increased significantly, from 58 g kg-1 to 62 g kg-1 (Figure 2.8) (Carrera and 
Dardanelli, 2017). When comparing the mean linolenic acid concentration of each 
genotypic group from planting date 1 with planting date 2 the only groups that were 
significantly different were wild-type groups (Figure 2.9). When comparing linolenic acid 
variation by line there was no significant differences in the double mutant (ffgg) 
population, however the planting date 2 material had > 30 g kg-1 (Figure 2.9). The range 
of linolenic acid in the ffgg populations for planting date 1 were 27 g kg-1 to 34 g kg-1 
with planting date 2 ranging from 28 g kg-1  to 39 g kg-1. Line AWLL-03 had the lowest 
linolenic acid with an overall mean of 30 g kg-1 for both planting dates. The mean 
29 
 
protein of FFGG and FFgg genotypic groups were 389 g kg-1 and 391 g kg-1, both 
significantly elevated compared to the ffGG and ffgg genotypic groups whose mean 
protein were 376 g kg-1 and 378 g kg-1.  
Irrigation study 
An analysis of yield, maturity, height and lodging between the irrigated and non-irrigated 
treatment groups unexpectedly revealed the mean yield of genotypic groups in the non-
irrigated treatment higher yielding compared to the irrigated treatment (Figure 2.10). 
Several lines in the irrigated range at the RECM location experienced light pathogen 
pressure of Septoria brown spot and Cercospeora sojina also known as Frogeye leaf 
spot. There were significant differences in yield between lines but not within genotypic 
groups. No significant differences were found between genotypes and maturity, height 
or lodging that were not associated with treatment. There were no variations in fatty acid 
concentrations when comparing genotypic classifications within treatment group. The oil 
in the ffGG genotypic group was significantly greater in the irrigated treatment 
compared with the non-irrigated treatment, however the increase was not experienced 
in the ffgg genotype suggesting that no G x E effect exists between irrigation of low 
linolenic genotype and oil concentration.  
2015 & 2017 AWLL conclusions 
From the three years of data collected we are able to predict with some regularity, the 
linolenic fatty acid concentration based on SNP analysis, when analysis is performed 
with duplications and genotypic controls when identifying FAD3A and FAD3C 
genotypes.      
In 2017, the AWLL variation in environment was a factor affecting fatty acid and protein 
concentrations in the planting date study. From these results we conclude that plating 
date has an effect on linolenic acid concentration in lines not containing low linolenic 
genotypes when tested at α=0.05. Linolenic acid may be elevated in low linolenic lines 
to greater than 30 g kg-1 in material planted after May 15th in Tennessee.  
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No variations were seen when the groups and the lines within groups were viewed in 
the irrigated test and compared in the non-irrigated test. This is likely a result of the 
similarity in the irrigated environment with the non-irrigated environment. The lack of 
variation in the irrigation study may have been a consequence of several rain events at 
these locations, specifically during seed fill stages. As drought conditions are difficult to 
simulate in an uncontrolled environment, this test might be better examined with more 







Figure 0.1 Mean linolenic acid of 41 homozygous single plants in 2015-2016, and 
12 homozygous near isogenic lines (NIL’s) in 2017, denoted by genotype.  
Four genotypic groups were determined using SNP markers for FAD3A and FAD3C 
genes and labeled as double mutant (ffgg), mutant/wild-type (ffGG), wild-type/mutant 
(FFgg), and double wild-type (FFGG). Standard error was calculated from mean and is 
represented by error bars. The sum of the effects of each gene indicates that the fad3A 
mutation has a greater effect on linolenic acid concentration than mutation fad3C has in 
the seed.  
 
 
ffgg ffGG FFgg FFGG
2015-2016 mean of
single plants
31.28 54.19 68.98 77.41




























Genotypic Groups for FAD3A and FAD3C
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Figure 0.2 Mean yield in 2016 of four F7 NIL’s, denoted by genotype, compared to 
high yielding checks and parents at two locations. 
Four genotypic groups denoted as double mutant (ffgg), double wild-type (FFGG), wild-
type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and FAD3C genes. The 
MG-4E check matured several days prior to other lines in the test. Genotypic analysis 
performed using SNP’s. Letter of significant difference: two values with the same letter 





























Experimental lines denoted by genotype
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Figure 0.3 Mean yield G x E in 2016 of four near isogenic lines. 
Yield study was produced in 2016 and compared on a location basis. ETREC had 
severe weather that impacted yield of both parent lines LG06-5798 and TN10-4404. No 
LL lines were significantly different from each other, or impacted by location. * denotes 
significant difference between mean yield of line between locations at a significance 








Figure 0.4 Mean yield of 2016 and 2017 NIL’s, denoted by genotype, compared to 
the mean of two high yielding checks and parents.  
Lines were grown in two replications at ETREC and HRREC locations in 2016, and two 
replications at RECM, four replications at HRREC, and two replications ETREC 
locations in 2017. The number of lines within each genotypic group increased in 2017 
from one line to three lines per genotype. The four genotypic groups are denoted as 
double mutant (ffgg), double wild-type (FFGG), wild-type/mutant (FFgg) and 
mutant/wild-type (ffGG) for FAD3A and FAD3C genes. Genotypic analysis performed 
using SNP’s. *Letter of significant difference: two values with the same letter on 
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Figure 0.5 Comparative analysis of yield within lines, identified by genotypic 
classes in 2017 averaged between three locations.  
Four genotypic groups denoted as double mutant (ffgg), double wild-type (FFGG), wild-
type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and FAD3C genes. Two 
lines represent double mutant genotypic class; all other genotypic classes are 
represented by three lines. †Letter of significant difference: two values with the same 
letter on comparative columns are not statistically different at a significance value of 




































































































Figure 0.6 Mean yield by genotypic class in 2016 and 2017.  
None of the NIL’s were significantly different from different from each other in 2016, 
however in 2017 lines in group ffgg, FFgg and FFGG were significantly lower at HRREC 
than at ETREC. Four genotypic groups denoted as double mutant (ffgg), double wild-
type (FFGG), wild-type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and 




ffgg FFGG FFgg ffGG Parents Checks
ETREC 3981.5 4418.26 4180.61 3787.41 3317.8 3905.51
HRREC 3234.05 3684.88 3251.82 3324.95 3653.28 3932.37
RECM 3542.01 3936.06 3918.25 4059.08 3786.04 4531.91
























Figure 0.7 Mean yield 2017 of 12 F7 NIL’s, denoted by genotype, compared to the 
mean of the high yielding checks and parents at three locations.  
Four genotypic groups denoted as double mutant (ffgg), double wild-type (FFGG), wild-
type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and FAD3C genes. 
Genotypic analysis performed using SNP’s. Letter of significant difference: two values 
with the same letter on comparative columns are not statistically different at a 
significance value of 0.05. 
FFGG FFgg ffGG ffgg Parents Checks
2017 Yield 3570.4 3503.39 3533.99 3438.28 3328.04 3941.15



























Figure 0.8 Mean total linolenic fatty acid in 2017 planting date study, group means 
compared by treatment.  
The mean linolenic acid concentration in g kg-1 of each planting date treatment. 
Genotypic groups represented within each treatment include [FAD3A (FF or ff) and 
FAD3C (GG or gg)] are double mutant (ffgg), double wild-type (FFGG), wild-type/mutant 
(FFgg) and mutant/wild-type (ffGG), and parents and checks. Fatty acid profiles were 
collected using gas chromatography. Letter of significant difference: two values with the 

































Mean total of each plating date
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Figure 0.9 Mean linolenic acid for 2017 in g kg-1 of 13 F8:11 NIL’s, denoted by 
genotype.  
Four genotypic groups denoted as double mutant (ffgg), double wild-type (FFGG), wild-
type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and FAD3C genes. 
Genotypic analysis performed using SNP’s. * Significant difference: statistically different 
at a significance value of 0.05. 
  






Planting Date 1 7.4 6.7 4.1 3.0 7.7 3.5 7.1 8.6


























Figure 0.10 Mean yield of irrigations study groups by genotype and checks and 
parents for 2017 in kg ha-1.  
Four genotypic groups denoted as double mutant (ffgg), double wild-type (FFGG), wild-
type/mutant (FFgg) and mutant/wild-type (ffGG) for FAD3A and FAD3C genes. 
Genotypic analysis performed using SNP’s.  
  
ffgg FFGG FFgg ffGG parent check
Irrigated 3464.1 3308.0 3400.3 3430.3 3116.4 3903.8





















Genotypes compared with checks and parents
41 
 
Table 0.1 Development of AWLL lines from initial cross TN10-4404 X LG06-5798 
from inception of the cross 11-04 to 2017 study with growing locations and 
harvest procedures. 




2011 Summer ETREC Parents 
crossed 
Cross P1 X P2 TN10-4404 X LG06-
5798 
2011-2012 Winter TARS F1 Harvest F1 plants VP12-031 to VP12-
045 
2012 Summer ETREC F2 Pod pick (1/plant) 20,032-20,077 
2012-2013 Winter Homestead F3 Pod pick (1/plant) VP13-013 to VP13-
032 
2013 Summer ETREC F4 Single plant pull, 
GC 
41,027-41,061 
2013 Summer ETREC F4:5 Bulked harvest 41,027-41,061 
2014 Summer ETREC F6 Single plant pull, 
GC and SNP of 
FAD3 
50,287 
2015 Summer ETREC F7 Single plant pull, 
GC and SNP of 
FAD3 
AW6 





2015-2016 Winter Homestead F8 Single plant pull‡, 
GC and SNP of 
FAD3 
VH16-440 
2016 Summer ETREC F7:9 Bulked harvest 88,001-88,016 
2016‡ Summer ETREC F8:9 Bulk harvest of 
homozygous rows 
91,071-91,087 
2016 Summer HRREC F7:9 Bulked harvest 88,101-88,116 
2016-2017 Winter TARS F7:10 & F8:10 Bulked harvest AW17-01 to AW17-
64 
2017 Summer ETREC F7:11 & F8:11 Bulked harvest 14,001-14,064 
2017 Summer HRREC F7:11 & F8:11 Bulked harvest 14,101-14,224 
2017 Summer MREC F7:11 & F8:11 Bulked harvest 14,301-14,360 
† one year may be represented several times to differentiate what form of harvest took 
place for a specific generation. ‡ Heterozygous single plant pulls, genotyped in 
Homestead in winter 2015-2016, were developed from those single plant pull harvest, 
and seed increased for two seasons and then developed into a line in 2017.  
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Table 0.2 Typical genotypic segregation found in 2015 plot AW6.  
 
All lines were assessed using single nucleotide polymorphisms (SNP’s) for GmFAD3A 
or GmFAD3C. Lowercase letters represent mutant ‘ff’ FAD3A genotype and ‘gg’ FAD3C 
genotype. Uppercase letters represent wild-type genotype and Ff or Gg genotype 
indicated heterozygosity. DNA samples of 68 single plants, ran using LightCycler 
software, identified genotype assigned. χ2 test indicated that these were not significantly 
different than the expected values.   
  
FFGG FFGg FFgg FfGG FfGg Ffgg ffGG ffGg ffgg
Observed (obs) 4 4 6 9 17 8 3 10 7
Expected (exp)4.25 8.5 4.25 8.5 17 8.5 4.25 8.5 4.25
obs-exp(d ) -0.25 -4.5 1.75 0.5 0 -0.5 -1.25 1.5 2.75
d
2
0.0625 20.25 3.0625 0.25 0 0.25 1.5625 2.25 7.5625
d
2
/exp 0.0147 2.3824 0.7206 0.0294 0.0000 0.0294 0.3676 0.2647 1.7794
Genotypic Classifications from SNP Analysis
 2(8)df  =   
 / exp) = 5.59 > α= ( 20.95) = 15.507   Observed values are within expectation
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Table 0.3 Classification of homozygous genotypes and number of individual 









 ------------------------- g kg-1 ------------------------ 
FFGG 4 77.41 74 - 80 
FFgg 6 68.98 63 - 81 
ffGG 3 54.19 41 - 65 
ffgg 7 31.28 28 - 30 
†Genotype: FF = wild-type FAD3A, ff = mutant FAD3A, GG = wild-type FAD3C, gg= 
mutant FAD3C identified using SNP genotyping using LightCycler 480 on single plants 
in row AW6 in 2015. ‡ No. represents the number of single plants identified in 2015 that 
were homozygous for the genotypic class identified. Linolenic fatty acid (FA) 
concentrations were obtained from single plants using a five seed samples run using 
gas chromatography (GC).   
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Table 0.4 Agronomic traits maturity, height and lodging of all lines from 2017.  
 
Lines represented with genotype expressing maturity in days after planting (DAP), 
height, and lodging score. ± denotes standard error. †Line AWLL-02 contained 2 reps at 
2 locations in the planting date study. Lodging scores based on 1-5 scale, 1 being 
upright and 5 laying prostrate. Letter of significant difference: two values with the same 
letter on comparative columns are not statistically different at a significance value of 
0.05.  
AWLL-01 ffgg 132.0 ± 1.4b 35.3 ± 2.2cdef 2.9 ± 0.3c
AWLL-02* ffgg 132.5 ± 1.4ab 35.0 ± 2.2def 2.6 ± 0.3cd
AWLL-03 ffgg 135.6 ± 1.4a 39.1 ± 2.2bcd 3.3 ± 0.3bc
AWLL-04 FFGG 132.0 ± 1.4b 36.9 ± 2.2bcde 3.4 ± 0.3bc
AWLL-05 FFGG 132.1 ± 1.4b 37.1 ± 2.2bcde 4.0 ± 0.3ab
AWLL-06 FFGG 133.1 ± 1.4ab 44.8 ± 2.2a 4.6 ± 0.3a
AWLL-07 FFgg 133.8 ± 1.4ab 38.1 ± 2.2bcde 3.0 ± 0.3c
AWLL-08 FFgg 132.1 ± 1.4b 38.8 ± 2.2bcd 3.9 ± 0.3ab
AWLL-09 FFgg 133.0 ± 1.4ab 27.5 ± 2.2h 2.0 ± 0.3de
AWLL-10 ffGG 132.3 ± 1.4b 40.6 ± 2.2abc 3.9 ± 0.3ab
AWLL-11 ffGG 134.0 ± 1.4ab 42.4 ± 2.2ab 4.0 ± 0.3ab
AWLL-12 ffGG 134.1 ± 1.4ab 41.6 ± 2.2ab 4.3 ± 0.3a
Ellis check 4.9 131.5 ± 1.4b 26.5 ± 2.2h 1.9 ± 0.3de
LD00-2817P check 4.5 122.8 ± 1.4c 33.1 ± 2.2efg 1.8 ± 0.3e
LG06-5798 Parent 122.3 ± 1.4c 30.0 ± 2.2fgh 1.9 ± 0.3de
TN10-4404 Parent 134.6 ± 1.4ab 28.6 ± 2.2gh 2.0 ± 0.3de






CHAPTER 3 EVALUATION OF AGRONOMIC AND SEED QUALITY 







Soybean oil has been consumed in households for generations. Over the last 15 years 
health reports have indicated trans-fatty acid, found in partially hydrogenated soybean 
oils, as a major health concern. Hydrogenated oils and partially hydrogenated oils are 
no long generally recognized as safe.  In soybean oil, hydrogenation was only 
necessary because the typical quantity of linolenic acid, between 80-120 g kg-1, is too 
high. In an effort to comply with new FDA regulations and accommodate the need for 
high quality oil, the United Soybean Board introduced an industry standard for a high 
oleic acid of greater than 750 g kg-1 and low linolenic acid of less than 30 g kg-1 oil. 
Soybean breeders believe that by producing mutations at FAD2-1A, FAD2-1B, FAD3A, 
and FAD3C loci, they can produce a seed oil not requiring hydrogenation. In 2017, a 
study comparing four near isogenic lines, at two locations, the East Tennessee 
Research and Education Center (ETREC) and the Highland Rim Research and 
Education Center (HRREC), in two replications of two row plots was performed to 
assess the need for all four mutation of FAD2-1 and FAD3 loci, and to test for any yield 
association with genotype. This AWHOLL test was performed using high oleic lines that 
contained mutant alleles at FAD2-1A and FAD2-1B loci, and segregating at FAD3A and 
FAD3C loci. Analysis comparing yield of each line to each other and to checks, using a 
generalized linear mixed model (GLIMMIX) in SAS 9.4, indicated that no yield drag was 
associated with high oleic low linolenic lines containing quadruple mutant genotype. We 
also determined that all four mutations, fad2-1A, fad2-1B, fad3A and fad3C of fatty acid 
desaturate genes, are necessary to produce a low linolenic soybean line with greater 
than 750 g kg-1 oleic acid and less than 30 g kg-1 linolenic fatty acid in a maturity group 
(MG)-4L cultivar for Tennessee growers.  
Improving oil stability 
Soybean oil is an important commodity making up 61% of the vegetable oil market in 
the US (ERS, 2016). Great importance has been placed on making soybean oil 
healthier and more heat stable. Since the 1940’s scientists have devised ways of 
improving oil quality through the following methods; breeding low linolenic oil soybeans, 
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using metal chelates, and hydrogenation to eliminate rancid odors and increase 
oxidative stability (Moser et al., 1947; Howell and Collins, 1957; Dutton, 1981; Han et 
al., 2014). As the uses of hydrogenation and metal chelates have been found to be 
costly to human health, people have turned to biotechnology and plant breeding for 
alternative means of reducing linolenic acid in soybean oil (Sedgwick, 1956; Bilyeu et 
al., 2003, 2011). Further fatty acid investigations revealed that by increasing oleic acid 
by mutating fad2-1A and fad2-1b desaturase, the downstream component of the fatty 
acid synthesis, linolenic acid, may be significantly reduce (Fehr, 2007; Pham et al., 
2012).  
Oleic (18:1) and linolenic (18:3) fatty acid 
As the need for producing healthier, more stable vegetable oil persisted and technology 
advanced, plant scientists analyzed the physiology of seed oil biosynthesis of individual 
fatty acids, identifying multiple fatty acid desaturase (FAD) genes (Shah et al., 1997; 
Matsuda et al., 2001; Schlueter et al., 2007).  
Recently, the United Soybean Board (USB) set industry standards for labeling “high 
oleic, low linolenic” oil with the end user in mind; requiring greater than 750 g kg-1 oleic 
acid (18:1) concentration, and linolenic acid (18:3) less than 30 g kg-1 of total seed oil. 
This higher concentration of oleic acid in soybean oil is greater than that of standard 
olive oil, thereby increasing competitiveness with high quality vegetable oil, while 
reducing oxidative instability by lowering linolenic acid concentrations (Pham et al., 
2012). Soybean breeders have used DNA sequencing to develop molecular markers for 
selection of reduced linoleate and increased oleate soybean lines (Bilyeu et al., 2005; 
Fehr, 2007). Traditional breeding methods have been used to improve oil quality in high 
yielding cultivars by introducing genes from plant introductions with mutant FAD2-1A, 
FAD2-1B, FAD3A and FAD3C alleles, which are capable of producing soybean lines in 
accordance with the improved oil industry standard (Pham et al., 2011, 2012; Lee et al., 
2012).  
In 2007, genes encoding FAD2-1A and FAD2-1B alleles were identified as playing a 
vital role in seed oleic acid biosynthesis (Schlueter et al., 2007). Gene identification led 
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to plant introductions of non-transgenic lines with FAD2-1 and FAD3 missense and 
antisense mutations, capable of regulating oleic and linolenic acid production in 
soybean seeds (Fehr, 2007; Dierking and Bilyeu, 2009; Pham et al., 2010, 2013). One 
such nonsense mutation was identified at GmFAD3A loci; when combined with splice 
cite mutation at GmFAD3B loci the plant could produce a seed oil with less than 30 g 
kg-1 linolenic acid (Reinprecht et al., 2007). Soybean linoleate production is controlled 
primarily by GmFAD3A, GmFAD3B and GmFAD3C genes (Bilyeu et al., 2011). Pham 
(2012), found that high oleic (HO) lines that contain mutations at  FAD2-1A and FAD2-
1B loci, if crossed with low linolenic (LL) soybean lines containing FAD3A and FAD3C 
mutant alleles, then, linolenic FA was reduced in seed oil. Mutation in alleles that 
contribute to increased seed oleate production, FAD2-1A and FAD2-1B, also contribute 
to reduction in linolenic FA (Dierking and Bilyeu, 2009; Pham et al., 2010). The additive 
effect of the mutated alleles FAD2-1A and FAD2-1B is greater than the individual allele 
affect, with mutation of FAD2-1A contributing the greatest  concentration of oleic acid 
(Ruddle et al., 2014).   
Marker assisted selection  
Marker assisted selection using single nucleotide polymorphisms (SNP’s) is used by 
breeders to identify a specific genotype in which the variation of a single base pair (BP) 
of nucleotides in a DNA sequence may vary. This mutation in a known line can have 
extreme consequences for altering phenotypic qualities. SNP’s are generally identified 
by comparing mutated DNA to known regions or wild-type (WT) DNA. This is performed 
by amplifying the known WT regions of DNA that affect the trait of interest, using 
polymerase chain reactions (PCR). This trait can be expressed within an individual as 
heterozygous, homozygous dominant or homozygous recessive. Breeding for quality 
traits, such as oil FA composition, can be a lengthy process without genotyping 
technology due to the need to wait for fully mature plant material to measure oil 
composition in seeds using gas chromatography (GC). 
In the instance of linolenic acid, the general region of DNA known as GmFAD3A and 
GmFAD3C, which carry the mutation for omega-3 desaturase enzyme, were compared 
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with WT cultivars. The mutation at the FAD3A allele was identified using the 
Department of Energy (DOE) Phytozome website to design primers around the region 
of interest on the DNA strand (Jourdren et al., 1996; Pham et al., 2013; US Department 
of Energy, 2015). Primers were used as an RNA template to amplify DNA around the 
known region of the FAD3A gene, and thus compare WT, homozygous dominant 
genotype soybean DNA with mutant, homozygous recessive DNA of plants exhibiting 
low linolenic (LL) phenotype. The initial probe was produced by amplifying samples of 
DNA of individual plants using TaqMan, and running both control and mutant samples 
on an agarose gel and comparing each sample with the known WT after completing gel 
electrophoresis. This was repeated several times with start codons at various distances 
from the FAD3 start codon until a single BP difference was detected between the WT 
and the mutant within the PCR being run (Pham et al., 2013). Once the mutation was 
identified, a probe was engineered for detecting mutant SNP regions of DNA.  
Using SNP technology to identify HO and LL lines from tissue samples ensures a quick 
turnaround for breeders to produce high yielding, high oleic low linolenic (HOLL) lines. 
This is performed through back-crossing with high-yielding, disease resistant cultivars. 
The number of back-crosses is determined by how much genetic diversity is acceptable 
or useful in the new line being pursued (Liu, 1997). Breeders must find a balance when 
increasing expression of one phenotypic trait, not to inhibit other cellular machinery the 
plant needs in order to run properly. Linolenic acid has multiple uses in plants such as 
signaling a pest or pathogen attack (Farmer and Ryan, 1992). Reduction of linolenic FA 
synthesis might produce a handicap in the plant for environmental stresses (Jaureguy et 
al., 2013).  
Biosynthesis of triacylglycerol  
Plants have developed special regulatory functions for fatty acid synthesis in the seed 
that differs from their leaf and vascular tissues. The production of linolenic FA synthesis 
in the seed is regulated by FAD2 and FAD3 desaturase enzymes, translocated to the 
endoplasmic reticulum. When the 18 carbon oleate molecule is desaturated, essentially 
robbed of two hydrogen atoms, two double bonds form at Δ9,12 locations forming 
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linoleate (18:3) (Li-Beisson et al., 2013). This can be affected by environment or genetic 
predisposition (Gallardo et al., 2014). Most seed oil plants grown in cooler environments 
tend toward higher concentrations of unsaturated FA than those grown in warm climates 
(Jaureguy et al., 2013).  
The phenotypic characteristics of soybean seed oil composition is controlled by both 
genetic predisposition and environment as seen in a multi-location planting date study 
(Gallardo et al., 2014). Soybean cultivars with mutant FAD2-1A and FAD2-1B genes 
have elevated seed oleic FA composition, however WT populations have been shown to 
exhibit a delayed expression of oleic acid synthesis in developing pods in cooler 
climates (Schlueter et al., 2007). Early maturing HO soybean lines grown in warm 
climates, can be expected to accumulate higher concentrations of oleic acid than those 
HO lines grown in cooler climates (Lee et al., 2012). This study suggests that if high 
oleic soybean lines are exposed to low temperatures during seed formation stages then 
the oleic fatty acid accumulation in the seed might be retarded or arrested to some 
extent.  
Linolenic acid is a precursor for producing jasmonic acid (JA), which reacts to biotic and 
abiotic stresses by synthesizing proteinase inhibitors or increasing esterase activity, 
which block insect or pathogen attack, or improve plant tissues to withstand cold or UV 
stress (Conconi et al., 1996; Ryan and Pearce, 1998; Zhao et al., 2016). Linolenic acid 
is also a signaling molecule expressed through plant tissues to induce LOX1 gene 
which transcribes a protein that induces the lipoxygenase pathway in response to 
herbivore and pathogen wounding (Zhuang et al., 1991; Farmer and Ryan, 1992). 
Plants have adapted responses to pathogen and herbivorous insects, and nematode 
attacks by synthesizing protease inhibitors such as the plant hormone JA, which 
activate defense related genes (Farmer and Ryan, 1992; Bergey et al., 1996). In a study 
on FA synthesis in LL soybean cultivars, linolenic FA significantly increased in soybean 
cyst nematode (SCN) susceptible lines as a result from a multiple pest attack 
(McCarville et al., 2012). McCarville also found  that yield was significantly affected in 
LL lines when compared to SCN resistant and susceptible soybean lines that 
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experienced multiple-pest attack (McCarville et al., 2012). This increased linolenic FA 
production experienced in McCarville’s study may be due to upregulation in the seed 
due to the lipid dependent O2 consumption for lipoxygenase (LOX) pathway activation 
triggered by plant stress (Zhuang et al., 1991). Another study found that LL soybean 
lines may produce higher yields, specifically increased seed size, when compared to 
WT lines inoculated with bean pod mottle virus (BPMV) (Singh et al., 2011). Singh’s 
study also indicated that there was an increase in JA production in the seeds due to the 
BPMV. Further study of environmental influence on soybean yield and FA synthesis is 
necessary for a critical analysis of the GXE relationship of FAD2 and FAD3 genes that 
are expressed in the seeds.  
Our goals with the AWHOLL study were to a) confirm the effectiveness of the mutant 
FAD3A and FAD3C genotype in regulating linolenic fatty acid concentration in soybean 
seeds, b) determine the necessity of both FAD3 mutant allele when fad2-1A and fad2-
1B mutant alleles are present, while producing a high yielding HOLL line with >750 g kg-
1 oleic and < 30 g kg-1 linolenic FA, and c) show that full yield production can be 
recovered in the HOLL genotype.  
Materials and Methods 
HOLL line development 
The Ellis-HOLL backcross population was derived from (Ellis (4) x TN13-5001LL) x 
(Ellis (4) x TN10-4037-HO-530-214HO) which combined mutant alleles FAD2-1A and 
FAD2-1B from TN10-4037-HO-530-214HO and backcrossed with Ellis to BC3F1 (HO). 
Mutant FAD3A and FAD3C line from TN13-5001 was also backcrossed with Ellis three 
times resulting in a BC3F1 (LL) hybrid. The USG ELLIS variety was selected for 
backcrossing due to its superior seed quality and yield, and its resistance to stem 
canker and root knot nematode (Pantalone et al., 2017). The BC3F1 lines were crossed 
in 2015 to create a convergent F1. In the summer of 2016 heterozygous Ellis-HOLL 
seed arrived from Puerto Rico and 36 rows were planted in field O9 at the East 
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Tennessee Research and Education Center (ETREC). After single plants were selected 
for homozygosity the Ellis-HOLL population was referred to as AWHOLL. 
Eight hundred single plants were SNP tested for each gene, FAD2-1A, FAD2-1B, 
FAD3A and FAD3C. In this study FAD2-1A and FAD2-1B, are represented as double 
mutant with ‘aabb’. We will define the FAD3A and FAD3C genotypes with the following 
classifications; double WT ‘FFGG’, and double mutant ‘ffgg’, mutant/WT ‘ffGG’ and 
WT/mutant as ‘FFgg’. Of the 800 single plants that were genotyped, only three of the 
genotypic classes; double WT (aabbFFGG), WT FAD3A and mutant FAD3C 
(aabbFFgg), and mutant FAD3A, WT FAD3C (aabbffGG), of the four genotypic classes 
necessary for a population study were retained. These evaluations were performed by 
first running all samples for SNP FAD2-1B on the LightCycler 480. Any samples that 
were homozygous recessive (bb) proceeded to have SNP runs for the Indel (PI603452) 
FAD2-1A molecular marker. Samples that were confirmed for both FAD2-1 mutant 
alleles (aabb), using molecular markers, were then run for both FAD3A and FAD3C 
SNP molecular markers. Seed increases of selected homozygous lines based on seed 
numbers were grown in Puerto Rico (PR) Winter Nursery in Isabela. Two lines that were 
triple mut, with heterozygous genotype at the FAD3C loci (aabbffGg) were sent to PR 
for seed increase. All lines grown in PR were planted in lighted hill plots with one seed 
every 0.305m in 3.05m plots on December 15th and 16th, 2016. In February 2017 all 
single plants from AWHOLL material in PR winter nursery were tagged and DNA was 
collected. Each DNA sample was run twice using LightCycler 480 and confirmed by two 
individuals to insure accuracy of SNP analysis. 
As the Ellis-HOLL convergent F1 plant material matured in field O9 at ETREC and 
appropriate plant tissue for DNA analysis was no longer available for FTA card 
collection we commenced harvesting 1000 single plants. Those matured single plants 
were threshed and a five seed sample was analyzed using GC to select plants with the 
target FA profiles. Any samples with greater than 750 g kg-1 oleic acid and less than 35g 
kg-1 linolenic acid were retained for further genotypic screening. Selected plants had 
four seeds per sample grown in 25.4mm pony pack (IEM Plastics, NC), to acquire four 
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single plant DNA samples (Figure 3.1). The remaining seed from those GC samples 
was retained until young leaf tissue was sampled on FTA cards for SNP analysis. From 
the additional 1000 plants sampled, 52 single plants had the desirable fatty acid profile 
indicated on the GC, and only two samples, identified as plant number 825 and 933, 
had four single plants that contained quadruple mutant allele’s aabbffgg. A 20 seed 
sample collected from plant number 825 and a 50 seed sample from plant number 955 
were sent to USDA-TARS late in the season, planted on March 8th, 2017, and were 
grown in a lighted field. The remaining seed, 13 single plants from 825 and 35 single 
plants from sample 933, were grown at UT Knoxville’s Central Greenhouse. Seeds were 
sown in 3.8L pots on 18 Feb. 2017. Greenhouse conditions were set to a high 
temperature of 26.7 oC, and low temperature of 18.3 oC with 16 hours of light for the first 
four weeks. Extended day length was shortened to natural day length on 24 Mar. 2017. 
Each single plant in the greenhouse was tagged and confirmed for DNA purity using 
SNP marker assisted selection. Some samples from GC 933 came back as triple 
mutant, het or wild-type for FAD3C allele. Single plants grown in the greenhouse were 
harvested at maturity and retained as single plant material.  
When looking for the BC3F2 quadruple mutant plants, we considered the following; a 
single mutant (aa) gene in an F2 plant, derived from a selfed heterozygote (Aa), will be 
expected in 0.25 or 25% of the seeds harvested. Four homozygous recessive traits 
might be calculated as 0.254. However, Sedcole (1977) reviews additional statistical 
methods that ensure obtaining those genes of interest through analysis of a specific 
number of plants. To find one plant with that specific (aa) trait of interest, when 
calculated to a 95% confidance interval, one must grow 11 single plants (Sedcole, 
1977). Therefore, when considering obtaining a quadruple mutant single plant or 
aabbffgg genotype, the chances of finding the mutant plant are 0.254 = 1/256 or 0.39% 
of the offspring. We calculated those chances with 90%, 95% and 99% confidence 
interval to determine the total number of samples needed for assurance of obtaining a 
single quadruple mutant plant and found the necessary number of plants to be 589, 
766, and 1177 respectively (Table 6).  We evaluated a total of 1800 single plants from 
quadruple heterozygous parentage, using 800 SNP’s and another 1000 single plants 
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using GC. From these we found no single sample that we can conclude was definitely a 
quadruple mutant. For this reason, heterozygous individuals were grown in PR for 
single plant selections to be genotyped. Those possible quadruple mutant F3 individual 
plants were necessary in order to derive a quadruple mutant line for this test.  
Line assignment of HOLL groups 
Retaining both FAD2-1A and FAD2-1B mutant alleles has been established as 
necessary for target oleic (18:1) > 750 g kg-1 (Richardson, 2016). Therefore, we 
maintained this mutation in both FAD2-1A and FAD2-1B, represented by aabb. 
Genotypic groups were assigned based on SNP molecular markers for linolenic acid as 
either mutant (mut) or wild-type (WT) genotypes as follows: Fad3A mut (ff) or WT (FF), 
and Fad3C mut (gg) or WT (GG). There were four treatments represented as lines in 
this study; AWHOLL-13 is quadruple mut (aabbffgg), AWHOLL-14 is double mut /double 
WT (aabbFFGG), AWHOLL-15 is triple mut /single WT (aabbFFgg) AWHOLL-16 is 
triple mut / single WT (aabbffGG) (Table 5). Additional lines consist of two parent lines 
and one check for yield and maturity comparison. ‘Ellis’ line is doubling as both a parent 
and check line. A total of eight entries were entered in the AWHOLL study, however a 
parent line was dropped after planting due to seed contamination issues. 
The quadruple mut line AWHOLL-13 with aabbffgg treatment was developed from the 
progeny of two single plants with triple mut, heterozygous at FAD3C loci (aabbffGg). 
Two aabbffGg plants were selected based on seed count and target oleic > 750 g kg-1 
and linolenic < 30g kg-1 FA concentrations by analysis using GC. From genotypic class 
aabbffGg SNP’s indicated that 33 single plants identified as quadruple mutant. 
HOLL experimental design 
A multi-location field study was performed at Highland Rim Research (HRREC) and 
ETREC. Each location had two replications consisting of 200 seeds, 100 seeds per row, 
with 3.81cm between each seed. Seeds were planted at HRREC using a four row 
planter on 23 May 2017 and hand planted at ETREC on 18 May 2017 in 3.66m plots 
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with 0.9m spacing between rows. No end-trimming was performed on Ellis-HOLL due to 
the limited sample size. 
Gap notes and row length differences were accounted for in the mean yield 
calculations. This test was flanked by two rows of ‘Ellis’ cultivar in the front, back and 
sides of each study, as a buffer.  Flower color, pubescence color, maturity, lodging and 
height were recorded for each plot. The mean height of plants, in each two row plot, 
were recorded in cm for each entry. Lodging was scored for each plot based on a visual 
assessment from 1 to 5, 5 being poorest lodged (stems lying on the ground) and, 1 
being completely upright. All experimental lines had white flower color. Any off-types for 
flower or pubescence color were rogued from both locations. Parents and checks were 
rogued for off-types of flower color, pubescence color and growth habit. Harvest took 
place on 26 Oct. 2017 at HRREC and 6 Oct. 2017 at ETREC using a two row combine 
which recorded percent moisture and total weight in pounds using a Seed Spector 
onboard computer. The combine was cleaned using brushes between each plot. 
Data analysis 
In 2017 yield, maturity (DAP), height and lodging as well as seed quality traits (FA 
analysis and total oil and protein) were assessed using a generalized linear mixed 
model (GLIMMIX) using SAS 9.4 (SAS Institute Inc. SAS Campus Drive. Cary, North 
Carolina). The fixed effect in the model used was genotypic group or class: aabbffgg, 
aabbFFGG, aabbFFgg, and aabbffGG). Location and rep within location were 
calculated as random effects within the model. Significance level was calculated at 
α=0.05. The following model was used to analyze agronomic and seed quality traits:  
Yi = µ + Ti + Єi 
Where Yijk is the phenotypic value for the ith group (genotype), µ is the phenotypic mean, 
Ti is the effect of the ith group (genotype), and Єijk is the residual or random error.  
Results and Conclusions 
All treatment lines tested did not differ in yield, DAP, lodging and height when tested at 
(P < 0.05) (Table 3.1). The mean yield of all groups was 3943.8 kg ha-1 with a range of 
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3509.2 – 4255.8 kg ha-1. When comparing maturity of all lines tested, there were no 
variation between tests lines and the high yielding parent/check Ellis, however the other 
check TN12-4100 matured earlier than the other parent line TN13-5001. Height and 
lodging were not significantly affected by genotype. Oleic acid was significantly elevated 
in all four of the test groups compared to checks, and quadruple mutant line AWHOLL-
13 containing the greatest concentration of oleic acid with a mean concentration of 823 
g kg-1. Linolenic acid was significantly reduced in the quadruple mutant line AWHOLL-
13 from all other genotypic lines tested with a mean linolenic acid concentration of 25.5 
g kg-1. Both single mutant genotypes in lines AWHOLL-15 and AWHOLL-16 contained 
significantly greater quantity of linolenic acid than the quadruple mutant line AWHOLL-
13 (Table 3.2). The analysis of five major fatty acid quantities revealed that the line 
AWHOLL-14, aabbFFGG genotype, contained significantly greater quantities of stearic 
acid and linolenic acid than all other treatment lines (Table 3.3). Protein of line 
AWHOLL-13 was significantly lower than lines AWHOLL-14 and AWHOLL-15. These 
data indicate that some correlation between protein and linolenic acid concentration 
may exist (Figure 3.1).  
2017 AWHOLL conclusions 
Data collected from AWHOLL lines did not indicate variation in yield or agronomic traits 
between lines tested, suggesting that no yield drag is associated with the quadruple 
mutant aabbffgg genotype in line AWHOLL-13. 
In the analysis of fatty acid synthesis lines AWHOLL-15 and AWHOLL-16, both contain 
only one mutation at the FAD3 loci, contained more than 30 g kg-1 of linolenic acid as 
required by USB, and contained significantly greater quantities of linolenic acid than the 
quadruple mutant line AWHOLL-13 indicating that all four genes are necessary to 
ensure the lower linolenic acid seed oil expectation of 30 g kg-1 as set as the industry 
standard. Protein of line AWHOLL-13 was significantly lower than lines AWHOLL-14 
and AWHOLL-15. These data indicate that some correlation between protein and 
linolenic acid concentration may exist (Figure 3.1). 
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Further study of the effect of environment on linolenic acid accumulation in soybean 
seeds, in lines varying at the FAD3 loci is necessary to remove doubt that other issues 
will not arise with the production high oleic low linolenic (HOLL) soybean lines. As the 
late planting date treatment in the AWLL study indicated an increase in linolenic acid, 
further study of the repressive effect on linolenic acid of the introduction of mutations for 
FAD2-1A and FAD2-1B is necessary to confirm that planting date or temperature will 
not adversely affect oil quality in HOLL lines. Additional study on yield performance in 
environments with disease and weed pressures would also benefit the farmer interested 
in planting HOLL lines. With physiological knowledge we have unlocked on linolenic 
acid and its roll in jasmonic acid production in the plant, can we expect to seed 
susceptibility to pathogens and pests in HOLL soy soybeans? HOLL soybeans 
produced in the optimal environments will be beneficial to human health and the oil 
industry. In this economically turbulent market it is necessary to focus on improved oil 
quality that will benefit not only human health, but industrial oil applications, as well as 





Figure 0.1 Comparison of linolenic acid and protein in g kg-1 for each of the test 
lines. 
Each line consists of the following genotypes; AWHOLL-13 (aabbffgg), AWHOLL-16 
(aabbffGG), AWHOLL-14 (aabbFFGG), and AWHOLL-15 (aabbFFgg). Linolenic acid 
scale represented on left side of grid; protein concentration scale represented on right 
side of grid. Linolenic acid and protein concentration of AWHOLL-13 is significantly 
different than lines AWHOLL-14 and AWHOLL-15. * Letter differences next to protein 
concentrations indicate significant difference at 0.05. All lines show significant difference 
in linolenic acid concentrations. 
  
aabbffgg aabbffGG aabbFFgg aabbFFGG
Linolenic Acid 25.5 36.5 40.8 48.3
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Table 0.1 Agronomic traits from 2017. 
Yield, maturity in days after planting (DAP), lodging, and height recorded in cm. ± denotes standard error. Lines of 
significant difference: two values with the same letter on comparative columns are not statistically different at a 
significance value of 0.05. Lodging score based on 1-5 scale, where 1= all plants upright, 5= all plants lying down.  
 
Line Genotype/ Purpose YIELD RANK
AWHOLL-13 aabbffgg 03 4043.7 ± 321.9 A 117.0 ± 18.7 AB 1.5 ± 0.4 C 25.0 ±  3.8 C
AWHOLL-14 aabbFFGG 07 3509.2 ± 321.9 A 116.8 ± 18.7 AB 1.5 ± 0.4 C 25.8 ±  3.8 C
AWHOLL-15 aabbFFgg 06 3761.2 ± 321.9 A 116.8 ± 18.7 AB 2.0 ± 0.4 BC 25.8 ±  3.8 C
AWHOLL-16 aabbffGG 01 4255.8 ± 321.9 A 117.3 ± 18.7 AB 2.0 ± 0.4 BC 26.5 ±  3.8 C
Ellis Parent/ Check 4.9 05 3940.9 ± 321.9 A 116.0 ± 18.7 AB 2.0 ± 0.4 BC 26.3 ±  3.8 C
TN12-4100 Check 4.7 02 4075.8 ± 321.9 A 114.3 ± 18.7 B 2.3 ± 0.4 ABC 29.8 ±  3.8 B




Table 0.2 Values of 5 primary fatty acids in g kg-1 ± standard error and letters representing least significant 
difference (LSD) groups.  
 * 
Lines with different letters in the LSD group are significantly different at 0.05. Five primary fatty acids found in soybean oil. 
Lines are identified by genotypic group. All lines contain double mutant at FAD2-1A and FAD2-1B loci represented by 
aabb, and vary at FAD3A and FAD3C loci. Mutant genotypes FAD3A and FAD3C are represented by lowercase letters ‘ff’ 





TN12-4100 Check 4.7 118 ±1.61 A 37 ±1.39 AB 192 ±18.75 C 562 ±15.26 A 91 ±4.04 A
Ellis Check 4.9 108 ±1.61 B 39 ±1.39 A 192 ±18.75 C 573 ±15.26 A 88 ±4.04 A
TN13-5001 Donor Parent 105 ±1.61 B 38 ±1.39 AB 255 ±18.75 B 571 ±15.26 A 30 ±4.04 EF
AWHOLL-14 aabbFFGG 71 ±1.61 C 30 ±1.39 C 799 ±18.75 A 52 ±15.26 B 48 ±4.04 C
AWHOLL-15 aabbFFgg 73 ±1.61 C 29 ±1.39 CD 777 ±18.75 A 77 ±15.26 B 44 ±4.04 CD
AWHOLL-16 aabbffGG 74 ±1.61 C 26 ±1.39 D 804 ±18.75 A 60 ±15.26 B 37 ±4.04 DE

















How far has high oleic low linolenic come 
In 2002, when Dr. Bilyeu embarked on “understand(ing) the genetic basis of soybean 
seed composition, its manipulation, and the interaction of modified seeds and seedlings 
with environmental parameters”, and left the field of human genetics, she could not 
have known the impact her soybean research would have on human health (Bilyeu, 
2006). Studies have concluded that trans-fatty acids formed by partial hydrogenation of 
the linolenic fatty acid molecule have serious human cost (Mozaffarian et al., 2009; 
Dhibi et al., 2011b). By significantly increasing oleic acid and reducing linolenic acid in 
soybean cultivars through mutations at FAD2-1A, FAD2-1B, FAD3A and FAD3C alleles, 
soybean producers can offer a healthier vegetable oil. Soybean processers can benefit 
from the extended shelf life of HOLL soybean cultivars and can offer them to the end 
consumer as an alternative to hydrogenated oils. Today, soybean oil boasts 53% of the 
U.S. vegetable oil market (“U.S. Soybean Oil: U.S. Vegetable Oils Consumption,” 2018). 
In order that soybean oil can stay competitive within a volatile market higher quality oils 
need to be offered to the end consumer. This is possible through the production of high 
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